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ABSTRACT 
 
 Miscanthus × giganteus is a sterile triploid hybrid perennial grass that is 
asexually propagated through rhizome planting. The increasing desire to discover 
alternative energy sources has recently heightened interest in developing M. × giganteus 
as a biofuel due to, among other factors, its exceptionally large biomass yield. In this 
study, mRNA extractions from ten dissimilar M. × giganteus tissues were sequenced, 
generating over eighty-three million high-quality short paired-end reads. Reads were 
assembled into over sixty-one thousand contiguous sequences, creating a novel 
representation of the transcriptome for this prominent non-model organism. Active 
expression of the ESTs was subsequently analyzed by RNA-Seq on pre-existing Sorghum 
bicolor gene models in order to generate a series of expression profiles for the 
Miscanthus tissues sampled. This analysis aims to provide a means for the deeper 
understanding of M. × giganteus, with the hope that traits such as biomass 
accumulation, nutrient utilization, and tolerance of environmental stress can be more 
thoroughly identified and documented. 
  
iii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
for the family  
iv 
 
 
 
ACKNOWLEDGMENTS 
 
 I‘ve always found acknowledgement sections extraordinarily sappy, and rarely 
read them myself. But here you are, reading away, so obviously not everyone follows my 
belief. So, let‘s let the sappiness begin, shall we? I am indebted to my advisor, Stephen 
Moose, for an immeasurable list of support and guidance, along with the other members 
of my committee, Matthew Hudson and Ray Ming, for readily answering any questions I 
might dream up. Similarly, I would be remiss to forgo mentioning Kankshita 
Swaminathan, whose ability to translate the even the most pedantic, obtuse information 
into something more readily understandable borders on the arcane. Her help in the 
creation of this work was essential. My parents deserve far more than a few lines of text 
for all they‘ve done for me, all their sacrifices and understanding, over the course of my 
life. My father—the best role model any one could ever have, who taught me morality and 
the value of an earnest life. My mother—the optimist, the believer—the person who 
showed me that sometimes all you have are your beliefs, yet that‘s just fine; that‘s 
enough.  To Jing Du, whose own personal brand of often-bizarre encouragement has 
kept me upbeat and ensured my mental stability through what has been, and what 
remains, an undeniably draining process. And to all my friends and enemies, whose 
personalities and behaviors define my own in ways that even I don‘t fully understand.  
  
v 
 
 
TABLE OF CONTENTS 
 
CHAPTER ONE: BACKGROUND ....................................................................................... 1 
 
CHAPTER TWO: SEQUENCING AND ASSEMBLY OF THE M. × GIGANTEUS 
TRANSCRIPTOME ............................................................................................................10 
 
CHAPTER THREE: PRELIMINARY EXPRESSION PROFILING OF THE M. × 
GIGANTEUS TRANSCRIPTOME ..................................................................................... 28 
 
TABLES AND FIGURES ................................................................................................... 43 
 
REFERENCES .................................................................................................................. 62 
 
 
 
 
 
 1 
 
CHAPTER ONE 
BACKGROUND 
 
1.1 The Earth, Energy, and the Environment 
 
 Throughout 2009, the United States consumed approximately 18,686 barrels of 
oil per day while only producing approximately 7,196 barrels itself (BP 2010). While 
many may be dismissive of a statistic such as this, the impacts which it creates are drastic 
and far-reaching. The possession of such a large reliance on outside sources of fossil fuel 
has proven to not only come at great monetary cost to the United States, but also a great 
cost to the environment itself, as the heavy use of petroleum-based fuel has placed 
carbon into the atmosphere that was previously sequestered underground. Since the 
industrial revolution, carbon dioxide concentration in the atmosphere has increased by 
over thirty percent  (IPCC 2001), leading to a number of alterations to the global climate 
(Watson, Zinyowera et al. 1996). One commonly cited result of increased atmospheric 
carbon levels is the increase of the Earth‘s ―greenhouse effect,‖ which,  due to a larger 
amount of the sun‘s infrared light being trapped within the Earth‘s atmosphere, raises 
the temperature of our planet on a global-scale (IPCC 2007). This temperature increase 
could hypothetically cause a number of detrimental effects to nearly every biome present 
on Earth, from melting the polar ice caps and raising the sea-level to decreasing the 
average rainfall temperate zones to the point of aridity, thereby causing plants that once 
flourished in their native environments to now struggle through their growth. 
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 Given the circumstances, it is no surprise that the issues of energy security and 
sustainability have become a major talking-point in the United States and elsewhere.  
The search for a means with which to obtain a greater level of energy security through 
the development and use of a secure, renewable, and environmentally-friendly energy 
source has been kindled.  Biofuels, or fuel derived from renewable biological material,  
are often considered an attractive  alternative fuel option to fill this role that, through 
their use, could lower the atmospheric carbon dioxide level by reducing overall carbon 
dioxide emissions (Williams, Inman et al. 2009).   
 
1.2 A Future in Biofuels 
 
 In 2005, when biomass provided for a little over three percent of the United 
States total energy consumption, the United States Department of Energy (DOE) put 
forth a goal to replace thirty percent of the current US petroleum consumption with 
biofuels by the year 2030 (Perlack, Wright et al. 2005). Deemed the ―Billion Ton Vision,‖ 
as it would take an estimated one-billion tons of produced biomass to reach this 
considerable goal, this effort has set the direction of renewable alternative energy 
research and development since its inception.  
 The generation of one-billion tons of biomass would require about a five-fold 
increase in biomass production (Perlack, Wright et al. 2005), and, as this vision was put 
in place with environmental friendliness in mind, the propagation of this biomass needs 
to occur in the most sustainable manner possible. Biofuels are a carbon-neutral source of 
energy—meaning that new carbons are not released into the atmosphere from plant-
derived fuels, only already existing atmospheric carbons that the plant took up during its 
growth (Ragauskas, Williams et al. 2006). This carbon-neutrality inherent to biofuels 
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can help alleviate the problems associated with climate change (Powlson, Christian et al. 
2001). In fact, if biofuel production waste is resequestered underground, excess carbon 
could potentially be removed from the atmosphere (Batjes 1998; Lemus and Lal 2005; 
Clifton-Brown, Breuer et al. 2007). 
 In order for biofuel to truly become a feasible energy source, large quantities of 
biofuel need to be able to be generated with as little monetary investment as possible. To 
ensure that a future supported by biofuel is an attainable reality, a profound amount of 
work is being performed to maximize the value of ethanol production from plant 
biomass material (Katzen and Schell 2006; Sticklen 2008; Vega-Sanchez and Ronald 
2010). Maximizing the efficiency of ethanol production, however, is only one piece of the 
puzzle. In order to fully realize a biofuel-supported industrial system, the feedstock from 
which the biofuel will derive must also be ―maximized‖ both in the quantity and quality 
of the biomass they produce.  
 In this regard, the generation of vast stores of accurate genomic information on 
any feedstock to be used for biofuels is an essential and valuable step towards realizing a 
biofuel-supported future. With genomics, traits essential for biofuel production can be 
identified and understood. Simple physical traits, such as the thickness of a bioenergy 
crop‘s stem or its maximum height, along with more involved traits like growth rate, 
nutrient-use efficiency, attainable stand density, and stress tolerance, all play a role in 
the final biomass yield of the bioenergy crop.  By gathering information on the genetic 
underpinnings of these and other beneficial biofuel-centric traits, the improvement and 
refinement of bioenergy crops is more readily attainable.  
 This improvement is possible since acquiring a greater understanding of these 
traits leads to the ability to fully realize the maximum biomass potential of a bioenergy 
crop. Subtle variations in DNA sequence can be identified, such as single nucleotide 
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polymorphisms (SNPs), which are linked to genes that are responsible for beneficial 
biomass properties. Once these variations are found, molecular markers can be designed 
which will allow for the quick and simple detection of the advantageous gene‘s presence.  
With time and effort, a stable of molecular markers to help identify beneficial traits 
related to biomass and biofuel production can be constructed and ultimately utilized in 
order to help breed bigger, better, and more effective bioenergy crops through marker-
assisted breeding (Collard and Mackill 2008).  
 
1.3 Plant Power 
 
 Most modern liquid biofuel is derived from food crops with high sugar content, 
such as sugarcane and sugar beet, or high starch content like the seeds of maize (Cseke, 
Podila et al. 2009). A variety of issues, however, have been raised against using food 
crops for the production of ethanol. The most common complaint in this regard is that 
using land to grow food-crops for biofuel takes away food resources that would have 
been better spent feeding the hungry (Schubert 2006; Tilman, Socolow et al. 2009). To 
combat the issues related with the ―food versus fuel‖ debate, the use of lignocellulosic 
biomass from non-food crops grown on marginal land for the conversion into ethanol 
has often been advocated. 
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 Fuel derived from a bioenergy crop‘s lignocellulosic biomass aims to circumvent 
the ―food versus fuel‖ issue by both growing energy crops only on land unsuitable for 
normal food-crop production and by utilizing the entirety of the crop‘s aboveground 
tissues for the production of biofuel (Ragauskas, Williams et al. 2006).  However, in 
order for lignocellulosic material to be used in the most efficient manner possible for 
ethanol conversion, the three most prominent components of the plant cell wall—lignin, 
hemicelluloses, and cellulose—must be isolated from one another (Pauly and Keegstra 
2008).  
 Cellulose is the plant cell wall component typically found in the greatest 
abundance, and  is typically seen as the easiest cell wall component to undergo 
fermentation into ethanol (Rubin 2008). This is due to its simple structure, as cellulose 
is composed of long chains of 6-carbon sugars that, once the long chains have been 
broken down, can be readily utilized by fermenting microorganisms for the production of 
ethanol (Ragauskas, Williams et al. 2006), a process that has been exploited by human 
civilization for countless years to create alcoholic beverages.  
 The other two cell wall components require more effort to convert into biofuel. 
Hemicellulose, the second-most abundant cell wall component, incorporates long chains 
of both 6-carbon and 5-carbon sugars. These 5-carbon sugars are not usually processed 
naturally by microorganisms for fermentation, making hemicelluloses a less attractive 
fermentation input (Saha 2003). Recent advancements in biofuel research aim to 
overcome this short-coming, though, in an attempt to make the conversion of both 
cellulose and hemicellulose into ethanol via fermentation as efficient as possible (Du, Li 
et al. 2010).   
  
 6 
 
  The third main cell wall component, lignin, gives the plant cell much of its 
strength and rigidity (Rubin 2008). Lignin itself is not fermented, as it is broken down 
into a series of phenolic compounds when depolymerized (Ragauskas, Williams et al. 
2006) that can inhibit fermentation by means of their toxicity (Jung and Fahey 1983).  
As the structure of the cell wall has lignin cross-linking with the wall‘s cellulose and 
hemicellulose, the presence of lignin can and does hinder access to the cell wall‘s 
fermentable compounds for fermenting microorganisms. While this characteristic of 
lignin plays an import role in passive microbial defense within the plant‘s natural 
environment, it also creates a limitation in the process of converting raw lignocellulosic 
material into bioethanol.  
 In this regard, it is quite easy to see the value of genomic information related to 
the cell wall‘s composition in a bioenergy crop. There are many areas where the process 
of converting lignocellulosic biomass into usable ethanol biofuel can be improved that 
are related directly to the cell wall itself.  For instance, the ability to correctly and 
specifically alter the quantities of cellulose, hemicellulose, and lignin within the plant cell 
wall could translate into increased ethanol yield if the fermentable aspects of the cell 
wall, cellulose and hemicellulose, were increased while the total proportion of lignin, 
which is both non-fermentable and toxic, within the cell wall was simultaneously 
decreased. It should be noted, however, that much care should be taken when venturing 
down the path of reducing lignin content—though its presence might do nothing 
advantageous for the process of fermenting biomass into ethanol, it is an extremely 
important component for the stability and integrity of the cell wall itself.  Regardless, 
this line of research has already begun, and recent results seem to point of cellulose and 
lignin biosynthesis being co-regulated to the point where the repression of a lignin 
biosynthesis gene not only lowers lignin content but also increases overall cellulose 
content within the cell wall (Vinocur and Altman 2005). The application of molecular 
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markers that correlate with cell wall composition would, in this respect, be of the utmost 
importance, as they could aid much in perfecting the ratio of fermentable to non-
fermentable components far more effectively and quickly than any simple traditional 
breeding approach ever could.   
  
1.4 Miscanthus × giganteus, Biofuel Extraordinaire  
 
 The increasing desire to discover alternative energy sources has heightened 
interest in developing Miscanthus × giganteus as a biofuel. M. × giganteus is a sterile 
triploid hybrid perennial grass that is asexually propagated through rhizome planting. 
The crop‘s ability to quickly produce a large quantity of biomass during its growing 
season (Lewandowski, Clifton-Brown et al. 2000) combined with a relatively little 
amount of required inputs for the crop‘s growth (Bullard and Nixon 1999) makes M. × 
giganteus an ideal biofuel candidate for many regions of the United States (Heaton, 
Dohleman et al. 2008).  
 The most readily noticeable quality of a mature M. × giganteus plant is its great 
size—a quality very much in demand for any biofuel crop. M × giganteus has been shown 
to be able to generate a harvestable biomass superior than many of its peers—while corn 
stover is able to produce around 7.4 Mg/ha of biomass, and the US-native biofuel-
candidate switchgrass can produce 10.4 Mg/ha, M. × giganteus has been shown to 
generate a whopping 29.6 Mg/ha of harvestable biomass in a single growing season 
(Heaton, Dohleman et al. 2008). 
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 Miscanthus × giganteus has a large stable of beneficial characteristics. For 
example, M. × giganteus displays some tolerance to chilling temperatures, effectively 
expanding the regions in which the crop could be cultivated (Naidu, Moose et al. 2003). 
M. × giganteus also utilizes the C4 photosynthetic pathway, which is fortunate as C4 
crops are often thought to be ideal biofuel candidates over C3 crops. This preference can 
be attributed to a number of factors, namely increased water-use efficiency (Beadie and 
Long 1985) and lower overall nitrogen requirements (Brown 1978).  
 Miscanthus × giganteus is a perennial crop, making it inherently more 
sustainable than an annual crop.  Annual crops need to be replanted each year, which 
can potentially mean yearly fertilizer application and tilling, making their growth more 
work-intensive than that of perennial crops, which can regrow for multiple consecutive 
years—M. × giganteus, in fact, has been shown to have an successful establishment age 
of at least fourteen years (Christian, Riche et al. 2008).  This behavior is possible 
because, as winter approaches, the perennial crop begins to store nutrients to utilize for 
their regrowth the next spring, potentially (and likely) reducing the amount of fertilizer 
application required to maximize the amount of biomass produced when compared to 
that of an annual crop (Jorgensen 1997). A reduced fertilizer application requirement is 
not the only environmentally-friendly benefit of using a perennial over an annual crop, 
though. Since the perennial crop regrows each new spring, the land in which they are 
planted will not have to be tilled. Tilling before planting annual crops has been shown to 
lead to soil-based issues such as erosion and decreased soil quality (Gebhardt, Daniel et 
al. 1985; Beuch, Boelcke et al. 2000). Since farm machinery is not required to be brought 
into the field as often for tilling or fertilizer applications, less fuel is potentially 
consumed in the maintenance of a perennial crop stand. This, in effect, indirectly lends a 
greater degree of energy-efficiency to the use of perennial crops over annual crops.  
 9 
 
Perhaps the most significant physical aspect of M. × giganteus, beyond its large 
size, is its status as a sterile triploid hybrid.  Due to this, M. × giganteus must be 
asexually propagated through rhizome planting—meaning that all existing M. × 
giganteus plants are essentially ‗clones‘ of the progenitor that resulted from the original 
hybridizing cross. Now, when any new crop is proposed for mass monoculture growth, 
the issue of potential invasiveness of that new crop must always be determined. 
Therefore, a large amount of interest has been invested in ensuring no crops grown for 
biofuels will become invasive or cross with a close relative to create a hybrid that would 
become invasive (Buddenhagen, Chimera et al. 2009). As Miscanthus × giganteus is a 
sterile crop, the odds of an unwarranted outcross occurring seem overwhelmingly low. 
Additionally, its inability to produce seed reduces the chance that the crop itself will be 
invasive, as the only current way to produce new M. × giganteus plants are from the 
harvesting, dividing, and then replanting of the plant‘s rhizomes or from asexual tissue 
culturing (Pyter, Heaton et al. 2009).   
 With these factors all under consideration—Miscanthus × giganteus‘ robust 
biomass yield, its perennial growth, use of the C4 photosynthetic pathway, and other 
attractive traits—it appears that M. × giganteus possesses all the characteristics required 
to make it an ideal bioenergy crop.  However, in order to fully discern the biofuel 
potential of M × giganteus, a basic genomic and transcriptomic-level understanding of 
the crop must be acquired.  
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CHAPTER TWO 
SEQUENCING AND ASSEMBLY OF THE M. × GIGANTEUS 
TRANSCRIPTOME 
 
2.1 Introduction 
 
 An organism‘s transcriptome is composed of every expressed transcript within 
that organism. As expressed transcripts largely represent the qualities and capabilities of 
an organism, the identification and characterization of the organism‘s transcriptome 
provides a means with which to interpret the organism‘s functional behavior at the 
molecular level.  
 The past decade has seen an increase in the amount of available transcriptome 
information from a variety of non-model plant organisms including barley (Zhang, 
Sreenivasulu et al. 2004), grape (da Silva, Iandolino et al. 2005), wheat (Wan, Poole et 
al. 2008), and lodgepole pine (Parchman, Geist et al. 2010). Decreasing costs of 
advancing technology combined with a greater understanding of the inner-workings of 
the cell‘s molecular machinery have made transcriptomic information both more 
desirable and attainable. It is here we add our contribution to the ever-growing wealth of 
transcriptomic information with the first transcriptome sequencing project for the 
perennial grass, Miscanthus × giganteus. 
Miscanthus × giganteus is a member of the Poaceae family, a large family that is 
home to important agricultural crops such as sugarcane, sorghum, and maize.   Though 
it has yet to be proven, M. × giganteus is commonly considered to be the result of a 
hybridization cross between Miscanthus sinensis and Miscanthus sacchariflorus (Greef 
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and Deuter 1993). Despite the Miscanthus genus only being  introduced to the western 
world in the 1930s (Lewandowski, Clifton-Brown et al. 2000), several Miscanthus 
species can today be found being used as ornamental crops in the United States, most 
likely due to aesthetic factors such as their large stature and attractive late-season 
inflorescence.  As such, members of the Miscanthus family can be found growing in 
backyard landscaping and golf courses across the nation.  
 One of the most notable attributes of Miscanthus × giganteus itself is its 
extremely tall, robust size. A fully-grown, mature M. × giganteus  plant can be quite 
large, as they have been shown to easily reaches heights of over eight feet when fully 
mature (Lewandowski, Clifton-Brown et al. 2000). As a plant that is able to produce 
large amounts of biomass in a growing season (Pyter, Heaton et al. 2009), M. × 
giganteus has often been considered a potential candidate for growth as a biomass crop, 
a classification which demands large biomass yields in order to provide as much material 
as possible for later conversion into ethanol (Heaton, Dohleman et al. 2008).  
However, the biomass isn‘t the only thing that‘s ―big‖ about M. × giganteus—this 
sterile triploid hybrid boosts a hefty genome size of 7.5 Gb (Swaminathan, Alabady et al. 
2010). Given the great cost currently involved in sequencing the entire genome of a 7.5 
Gb organism such as M. × giganteus, an analysis of the plant‘s expressed genes (i.e. the 
plant‘s transcriptome) is a much more practical endeavor.  The newest sequencing 
technologies, such as those used for this study, are capable of quickly generating vast 
quantities of short-length reads (Mardis 2008) for this purpose. In the past, the 
assembly of such voluminous short-read collections were typically seen as prohibitively 
expensive and complicated, if not all-together impossible, yet recent advancements now 
allow modern researchers to effectively assemble an organism‘s transcriptome solely 
upon the read collections gathered from the latest short-read sequencing technology 
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(Surget-Groba and Montoya-Burgos 2010). Therefore, high-throughput sequencing of 
cDNAs cloned from M. × giganteus mRNA can now generate expressed sequence tags 
(ESTs) from which the plant‘s transcriptome can ultimately be constructed—an approach 
that has been shown to be useful in both transcriptome construction and transcriptome 
analysis of non-model organisms (Collins, Biggs et al. 2008). As these short-read ESTs 
represent the active expression of mRNA within the M. × giganteus plant, they are able 
to provide a comprehensive transcriptome profile upon their successful assembly.  
The successful sequencing and assembly of any organism‘s transcriptome 
establishes a significant base from which many future studies can be accomplished. As 
ESTs represent actively expressed transcripts, their assembly establishes a catalog of the 
genes present in the organism‘s genome. In an organism that does not yet have its full 
genome sequenced, this information can aid in a future genome assembly by effectively 
establishing the first few pieces of its sequenced genome. The ability to use a assembled 
representation of an organism‘s transcriptome for the annotation of its genome is a 
gainful, recognized application of transcriptomic data that can help identify previously 
unknown genes and exons (Saha, Sparks et al. 2002; Saha, de Villiers et al. 2006). This 
type of annotation strategy has already been successfully applied to crops such as rice 
(Tyagi, Khurana et al. 2004; Jiang, Christoffels et al. 2009) and could work just as well 
for other crops in future studies.  
Additionally, by defining the functions of genes within an organism, a greater 
amount of investigative power is afforded to research on that organism. Once genes that 
correspond to a certain molecular pathway or trait are identified, it can then be 
determined the extent of the impact the identified genes have on that particular trait. 
Even in an organism without a sequenced genome, the relationship of genes to suitable 
reference organisms can provide useful information for the creation of a knowledge base 
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to use if the further definition of an organism‘s functional characteristics. For example, 
once genes known to have an effect on cellulose deposition are found, the exact effect of 
each gene can be illustrated by a more focused scientific experiment. Once this is 
accomplished, molecular markers crafted from EST data can be successfully applied to 
help aid a crop‘s improvement. Though ―marking‖ genetic regions found to correspond 
with these traits of interest, the presence of that marker helps illuminate the concurrent 
presence of the particular trait of interest, allowing large amounts of newly-bred 
populations to be screened and assessed long before the resulting effects of the trait fully 
manifest. As a result, the use of molecular markers as selection tools effectively speeds 
up and streamlines the crop-improvement breeding process (Lande and Thompson 
1990).      
 
2.2 Materials and Methods 
2.2.1 Sample Collection  
 
Miscanthus × giganteus samples were collected in Urbana, Illinois at the 
University of Illinois. A Miscanthus × giganteus ―test plot‖ was established at the 
University of Illinois Turf Farm in the 1980s. This plot, along with a newer plot located 
in Champaign at SOYFACE, a University of Illinois extension, were used exclusively for 
the collection of M. × giganteus samples for this sequencing project.  
 Due to the dynamic nature of the transcriptome, where mRNA presence is 
representative of the specific actions of the sampled tissue under its current 
environmental conditions and growing stage at the exact time of sampling, multiple 
tissues samplings were performed over different time periods within a growing season. 
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Taking the time and effort to do this ensures the accumulation of a comprehensive and 
diverse range of transcripts to represent the entirety, or near-entirety, of the Miscanthus 
× giganteus transcriptome upon sequencing.    
 In addition to the M. × giganteus tissue collected in Champaign, Miscanthus 
sinensis pollen and stigma tissue were collected by the University of California, Berkeley. 
This was performed in order to gain sequencing information for genetic regions that are 
connected to the reproductive viability of the Miscanthus genus. Though not included in 
the Miscanthus × giganteus, their presence allows for a future greater understanding of 
the relationship between M. × giganteus and M. sinensis as well as the Miscanthus 
family as a whole.  
 Immediately after tissue samples were excised from the host plant, all samples 
were flash frozen in liquid nitrogen. This was performed in order to preserve the 
integrity of the RNA and prevent as much tissue degradation as possible. All samples 
were subsequently stored at -80°C until processing.  
  
2.2.2 Sample Processing  
 
 After samples had been collected, whole tissues were ground down to a fine 
powder. This was accomplished by hand one sample at a time via mortar and pestle. 
Great care was taken to prevent the samples from warming to room temperature. To 
ensure this, liberal applications of liquid nitrogen were applied to the samples, as well as 
the mortar and pestle themselves, during the grinding process.  
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 Ribonucleases (also known as "RNases") were also a concern, due to their 
ubiquitous nature and their ability to rapidly catalyze the degradation of RNA upon 
contact (D'Alessio and Riordan 1997). All utensils, storage vessels, and gloves used 
herein were pretreated with RNaseZAP to help minimize ribonuclease exposure to the 
samples.    
 Once the samples had been ground to a consistency similar to baby powder, they 
were recollected in 50ml tubes and stored at -80°C. 
 
2.2.3 RNA Extraction 
 
 Total RNA was extracted from the ground tissues using a modified 
phenol:chloroform extraction protocol. In order to produce enough high-quality RNA, 
each sample preparation was replicated as needed. RNaseZAP was again utilized to 
reduce ribonuclease contamination.  
 Approximately two grams of ground Miscanthus tissue were used for each 
replicate. A standard CTAB-based extraction buffer and two percent beta-
mercaptoethanol were added to the tissue. Next, a Brinkmann homogenizer was used on 
a medium setting to vortex the sample, intermixing the buffer with the ground tissue. To 
eliminate potential cross-contamination, the homogenizer was thoroughly cleaned 
between samples.  
 Following homogenization, an equal volume of acidic phenol:chloroform:isoamyl 
alcohol (125:24:1) was added to the sample mix. Samples were then centrifuged at high 
speed for ten minutes to separate the solution into two layers. After centrifugation, the 
upper aqueous layer was removed and transferred to a sterile 50ml tube. An equal 
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amount of chloroform:isoamyl alcohol (24:1) was added and the sample was then re-
centrifuged. The upper layer was then, once again, transferred to a new 50ml tube. 
Lithium chloride was added and each sample was then stored overnight at 4°C to 
precipitate the RNA.  
 The next morning, samples were centrifuged at 4°C for thirty minutes to pellet 
precipitated RNA. Following centrifugation, the supernatant was carefully removed and 
a seventy-percent ethanol solution was added to wash the pellet. After the ethanol wash, 
the RNA pellet was resuspended in certified nuclease-free water and transferred to a 
nuclease-free 1.5ml tube.  Ethanol and ammonium acetate were then added and the 
sample was incubated for one hour at -20°C. 
 Once the incubation period had ended, the samples were rapidly centrifuged at 
4°C to pellet the RNA. Next, the pellet was resuspended and washed with seventy-
percent ethanol. Once again the RNA was repelleted via centrifugation. The ethanol 
supernatant was removed from the pellet. Residual ethanol was removed by careful 
controlled evaporation using a Thermo SpeedVac concentrator.  
 After it had been assured that all ethanol had been removed from the sample, the 
pellet was resuspended in certified nuclease-free water. A NanoDrop Spectrophotometer 
was then used quantify the amount of total RNA present in the sample. 
 Following the manufacturer‘s protocol, Dynabeads were used to purify mRNA 
from the total RNA. Dynabeads are able to separate mRNA from the rest of the RNA by 
binding to the polyA tail of mRNA (Jakobsen, Breivold et al. 1990). Supplied Dynabead 
buffers were used to wash non-mRNA away from the sample. After washing, mRNA was 
separated from the Dynabeads by a short heat shock and then eluted into RNase free 
water. 
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 Following mRNA extraction, sample yield was quantitated with a NanoDrop 
Spectrophotometer. Name and sample yield was recorded and the extracts themselves 
were stored at -80°C for later use.  
  
2.2.4 Sequencing 
 
 Prior to sequencing, the integrity and concentration of all samples were double-
checked with an Agilent 2100 Bioanalyzer to ensure the highest quality possible mRNA 
would be used for sequencing. Once this was accomplished, paired-end read sequencing 
was carried out on an Illumina Genome Analyzer IIx according to the manufacturer‘s 
instructions by the W. M.  Keck Center at the University of Illinois, Champaign-Urbana. 
Tissue samples were not normalized prior to their sequencing.  
 As our samples were collected at multiple times over an entire growing season, 
two separate sequencing runs were performed. The first run, accomplished in November 
2008, contained the following tissues: 
1. Mature Leaf 
2. Emerging Shoot 1 
3. Midseason Apex 
4. Internode below Apex 
5. Spring Rhizome  
6. M. sinensis Pollen 1  
7. Immature Inflorescence  
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 The second run, accomplished in February 2009, contained the following tissues: 
 
1. Pre-flowering Apex 
2. Rhizome Lateral Bud  
3. Young Root  
4. M. sinensis Stigma  
5. Mature Inflorescence  
6. M. sinensis Pollen 2 
7. Emerging Shoot 2 
 
 In the time between the sequencing of the first run and the sequencing of the 
second, Illumina technology advanced to the point where greater read length was now 
without our means and budget. Since the newer technology provided a greater number of 
reads as well as reads far longer in length than those of our first run of sequencing, we 
chose to adopt this improved Illumina sequencing technology for our second run. This 
decision was made with the hope that an increased amount of data gathered by the 
improved technology would help generate a more complete and deeper overall 
sequencing of the Miscanthus transcriptome. As a direct result of this choice, tissue 
samples belonging to the earlier, first run contain reads of thirty-six base pair length 
while the tissue samples ran in the newer, second run of sequencing contain reads with a 
length of seventy-six base pairs.   
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 It should be noted that a pollen sample from Miscanthus sinensis can be found 
within the tissue sample collections of both the first run and the second run due to a low 
perceived quality of the first run‘s results. At the same time, the ―Emerging Shoot 1‖ 
tissue was replicated in the second run (―Emerging Shoot 2‖) so that an identical tissue 
sample would be present in both runs. This was done in order to provide a comparison 
base on which the change in read quality between the first run and second run could be 
assessed. 
  
2.2.5 Sequence Assembly 
 
 Sequence assembly of the two outlined runs was supplemented with reads 
generated from a parallel M. × giganteus study performed by Postdoc Magdy Alabady. 
These supplemental reads were sequenced in a manner nearly identical to the reads 
gathered by this study, with the exception that the supplemental reads were not paired-
end and had a read length of seventy base pairs (Unpublished data 2009). The six 
Miscanthus × giganteus tissue samples of these supplemental read sets include the 
follow tissue samples: ―Midseason Apex,‖ ―Internode below Apex,‖ ―Mature 
Inflorescence,‖ ―Mature Leaf,‖ ―Rhizome,‖ and ―Middle Internode.‖    
 Initial contiguous sequences (contigs) of the Illumina sequence files derived from 
all presented M. × giganteus tissues were formed via ABySS version 1.0.12 (Simpson, 
Wong et al. 2009). ABySS (―Assembly By Short Sequences‖) is a high-quality parallelized 
sequence assembler well-suited to working with large amounts of short read sequence 
data. Through the use of ABySS and a computer with twenty-five 2.83GHZ cores (on a 
cluster with 200 processors with 16GB per 8 cores), thirty k-mer assemblies, one for 
each k-mer length between twenty-one and fifty, were generated from the gathered 
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sequencing data. Once each k-mer assembly was complete, all generated contigs were 
gathered together to be merged into one large assembly.  In the merging process, any 
contigs shorter than one-hundred base pairs in length were discarded. Additionally, any 
contigs found to have one-hundred percent identity to a larger contig, and also be 
contained entirely within that larger contig, were discarded from the merged assembly in 
order to cut down on contig redundancy. Once this step was completed, the merged 
ABySS assembly was reassembled using PHRAP version 1.080721, another high-quality 
sequence assembly program (Green 1996; de la Bastide and McCombie 2007), with its 
―greedy‖ revision setting.  
 
2.3 Results 
 
 Over eighty-three million paired-end reads were sequenced by this project, the 
product of over 9.6 billion bases. Once assembled, the final Miscanthus × giganteus 
transcriptome contained over 61,055 contigs larger than one-hundred base pairs in size. 
The contigs of this assembly have a median contig length of 633 and a mean contig 
length of 915. The N50 value of the generated M. × giganteus contigs was found to be 
1,461 base pairs, a value that 11,817 of the contigs belonging to this assembly were 
greater than.  
 In every instance, tissue samples present in the first run of paired-end 
sequencing, performed in November, 2008, had lower total read count than the tissue 
samples present in the second run of sequencing performed in February 2009. The total 
read count for tissue samples within the first run of sequencing was approximately 
7,500,000 reads. Total read count per lane of the first run of sequencing ranged from a 
minimum of approximately 5,700,000 reads in the ―Immature Inflorescence‖ tissue 
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sample to a maximum of approximately 8,700,000 reads in the ―Emerging Shoot 1‖ 
tissue sample. For the second, later sequencing run, an average of approximately 
13,000,000 reads were gathered from each sequenced tissue sample.  Total read count 
per lane of the second run of sequencing ranged from a minimum of approximately 
11,900,000 reads in the ―Pollen 2‖ tissue sample to a maximum of approximately 
13,700,000 reads in the ―Young Root‖ tissue sample.    
 A nucleotide-nucleotide BLAST (BLASTN)search to the Plant Repeat Database 
(Ouyang and Buell 2004) with an e-value cutoff of 1E-6 revealed that 1,067 of our 61,055 
assembled Miscanthus × giganteus contigs matched known repetitive sequences in plant 
genomes. Retrotransposons and Ribosomal RNA genes composed the largest percentage 
of these 1,067 contigs, each individually making up approximately 29% of the BLASTN 
matches to the Plant Repeat Database (Figure 1).  In addition, approximately 21% of the 
M. × giganteus matches to the Plant Repeat Database were identified as transposons. 
Only three total telomere-related sequences (less than 0.01%) could be found within this 
data set, while centromere-related sequences (approximately 3%), unclassified repeats 
(approximately 5%) and MITEs (13%) composed the remainder of the matched repeats.  
 The read collection of each tissue was compared to the final M. × giganteus 
transcriptome assembly (Table 1). On average, approximately 56% of each tissue‘s 
individual reads would map uniquely back to the assembled transcriptome, while 
approximately 24% of each tissue‘s individual reads would map ―non-specifically‖ 
(between two and five total mapping locations).  
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 Both the ―M. sinensis Pollen 1‖ and ―M. sinensis Pollen 2‖ tissues displayed the 
lowest percentage of uniquely mapping reads to the assembled M. × giganteus 
transcriptome at approximately 53%, while the ―M. sinensis Pollen 2‖ tissue itself also 
displayed the lowest combined uniquely mapped reads and non-specifically mapped 
reads to the assembled M. × giganteus transcriptome at an occurrence of approximately 
62%.  
 Of all the tissues sampled, the ―Mature Leaf‖ sample showed the largest 
percentage of uniquely mapped reads to the assembled M. × giganteus transcriptome 
(approximately  58%) as well as the largest percentage of combined uniquely mapped 
reads and non-specifically mapped reads to the assembled M. × giganteus transcriptome 
(approximately  75%). Notably, the ―Immature Inflorescence‖ tissue sample also earned 
the status of having the highest combined mapping percentage (along with the ―Mature 
Leaf‖ tissue sample) as approximately 75% of its reads also mapped either uniquely or 
non-specifically to the assembled M. × giganteus transcriptome—this is in addition to its 
status as being the tissue sample with the lowest overall total read count gathered 
(approximately 5,700,000 reads). Considering the values of both uniquely mapped and 
non-specifically mapped reads found within this data, a total of approximately 70% of 
each individual tissue‘s reads will map either uniquely or non-specifically to the finalized 
M. × giganteus transcriptome (Figure 2).  
 In a study performed in parallel to this, tissue samples from Miscanthus 
sacchariflorus ―Golf Course,‖ Miscanthus sinensis ―White Kascade,‖ M. sinensis 
―Goliath,‖ M. sinensis ―Amur Silvergrass,‖ M. sinensis “Gross Fontaine,‖ M. sinensis 
“Silberspinner,‖ M. sinensis “Siblertum,‖ and M. sinensis “Zibrinus‖ were sequenced in a 
manner identical to the protocol outlined in the Materials and Methods section (Table 
2). While only leaf tissue was sequenced for the M. sinensis varieties of “Amur 
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Silvergrass,‖ ―Gross Fontaine,‖ ―Silberspinner,‖ ―Siblertum,‖ and ―Zibrinus,‖ whole-plant 
mixed tissue was sequenced for the samples of M. sacchariflorus “Golf Course,‖ M. 
sinensis “White Kascade,‖ and M. sinensis “Goliath.‖ The ESTs gathered by this parallel 
study create a resource with which the acquired M. × giganteus transcriptome can be 
compared (Figure 3).  To this end, the M. × giganteus contigs displayed greater 
numerical values for mean contig length (915 base pairs), median contig length (633 base 
pairs), N50 value (1,461 base pairs), and total number of contigs larger than N50 (11,817 
contigs) than every one of the other Miscanthus variety samplings studied. In 
comparison, the second greatest numerical values, all of which could be found within 
Miscanthus sacchariflorus ―Golf Course,‖ were a mean contig length of 840 base pairs, a 
median contig length of 594 base pairs, an N50 of 1,293 base pairs, and 10,035 total 
contigs greater than N50.      
 Miscanthus × giganteus reads were mapped to Sorghum bicolor gene models, 
which are proven usable references for plants belonging to the Miscanthus family 
(Swaminathan, Alabady et al. 2010).  A BLASTN search with an e-value cutoff of 1E-6 
revealed that a total of approximately 26,000 of S. bicolor‘s 36,339 gene models could be 
mapped by contiguous sequences larger than one-hundred base pairs generated in the 
final PHRAP assembly of the M. × giganteus transcriptome. It was then found that 
approximately 16,000 of the S. bicolor gene models could reciprocally match to back to 
these M. × giganteus contigs by a BLASTN search with an e-value cutoff of 1E-6.   
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2.4 Discussion 
 
The sequencing of the M. × giganteus transcriptome provides an essential 
starting point for the elucidation of this species‘ unique and interesting biological 
characteristics. As the transcriptome represents actively expressed transcripts in the 
plant, it is possible to construct a genomic framework for a functional understanding of 
the plant‘s growth activity and behavior at the level of expression. In the end, 
transcriptome coverage ultimately depends upon the gene expression of the tissues 
sampled during the time at which sampling occurred. With this in mind, we sought to 
ensure the completeness and overall usefulness of the resulting assembled transcriptome 
by taking different tissue sample types at various times in the plant‘s growing season.  
An important factor, which should not be overlooked, in this M. × giganteus 
transcriptomic assembly is the integration of reads from two separate sequencing runs. 
This is important as, for example, the length of reads gathered from the first run of 
paired-end sequencing were different than those of the second paired-end run due to a 
change in technology—while the initial first paired-end run generated reads thirty-six 
base pairs in length, the second paired-end run used newer technology which gave us 
reads seventy-six base pairs in length. This technology advancement also increased the 
overall amount of reads that could be sequenced in one run, which resulted in the second 
paired-end run also having a greater total number of reads for each of its tissues when 
compared to those of the first paired-end run (Figure 4) in addition to their longer read 
length. 
 Furthermore, Postdoc and fellow researcher Kankshita Swaminathan and I 
sequenced tissue samples from Miscanthus sacchariflorus ―Golf Course‖ and several 
varieties of M. sinensis (―White Kascade,‖ ―Goliath,‖ ―Amur Silvergrass,‖ ―Gross 
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Fontaine,‖ ―Silberspinner,‖ ―Siblertum,‖ and ―Zibrinus,‖ in particular) as part of an 
ongoing parallel project.  The finalized assembly of the M. × giganteus transcriptome 
allows us to make a comparison between our newly assembled transcriptome and the 
transcriptomes of these related Miscanthus species.   
 As it would be expected, the M. × giganteus dataset contains far greater values in 
both the scope and span of its individual contigs when compared to the other sequenced 
samples.  In addition to having a much greater number of contigs, the mean and median 
contig length of the M. × giganteus assembly (915 and 633 base pairs, respectively) is 
greater than those of the other sampled Miscanthus varieties, whose values ranged from 
a mean of 840 base pairs and a median of 594 base pairs in M. sacchariflorus ―Golf 
Course‖ to a mean of 520 base pairs and a median of 391 base pairs in M. sinensis 
―Silbertum‖ (Figure 3). Furthermore, the N50 value—the length at which contigs of that 
size or larger constitute fifty percent of the entire assembled data set upon their 
summation—was also notably larger for M. × giganteus contigs (1,461 base pairs) than 
the N50 values of the other Miscanthus tissues, which ranged from a low of 883 base 
pairs in M. sinensis ―Zibrinus‖ to a high of 1,293 base pairs in M. sacchariflorus ―Golf 
Course.‖  
 With these examples in mind, a noticeable trend forms where the most robust, 
high-quality contig information occurs in the Miscanthus variety where the most and 
widest variety of tissues were sequenced (M. × giganteus) followed by those Miscanthus 
varieties which were sequenced using a mixed tissue base (M. sacchariflorus  ―Golf 
Course,‖ M. sinensis ―White Kascade,‖ and M. sinensis “Goliath.‖), and then, 
subsequently, the remaining M. sinensis varieties ( ―Amur Silvergrass,‖ ―Gross 
Fontaine,‖ ―Silberspinner,‖ ―Siblertum,‖ and ―Zibrinus‖), which only had a single tissue, 
the leaf, sequenced. This occurrence follows logical biological reasoning, as not only did 
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the M. × giganteus dataset contain a larger amount of sequenced data but also the 
strategy of sequencing a variety of tissues over a growing season—a strategy used for the 
creation of the M. × giganteus transcriptome—should inherently provide a more 
complete representation of an entire transcriptome and therefore a greater number of 
representative contigs when compared to simply sequencing a single tissue type (such as 
leaf tissue, as was the case presented here) or even a mixed-tissue sampling from a single 
point in the growing season. This data further reinforces the conclusion that not only is a 
large amount of sequencing required to maximize acquired transcriptomic information, 
but also that a wide variety of tissues under different growing conditions and during 
different stages of growth need to be collected in order to fully represent as much of an 
organism‘s entire transcriptome as possible.   
 A parallel study to this provided basic transcriptomic information on Miscanthus 
sinensis and Miscanthus sacchariflorus, the suspected parentage in the hybridization 
cross which created Miscanthus × giganteus (Table 2). With the availability of this 
information, the relatedness of the M. × giganteus transcriptome to that of the smaller-
scale mixed-tissue EST sequencings of Miscanthus sacchariflorus “Golf Course,‖ as well 
as two varieties of Miscanthus sinensis (M. sinensis “Goliath‖ and M. sinensis “White 
Kascade‖ in, particular) can be further investigated through the examination of 
reciprocal BLASTN matches to S. bicolor gene models within each Miscanthus EST 
collection. As M. × giganteus is a suspected hybrid cross of M. sinensis and M. 
sacchariflorus, it stands to reason that there should be a fairly high degree of similarity 
between all of these samples.  
 As a result, over 10,000 S. bicolor gene model matches could be found within all 
four Miscanthus species, a large number that both confirms the relatedness of these 
species and the overall quality of the M. × giganteus transcripts. In addition, M. × 
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giganteus itself had approximately 1,600 reciprocal BLASTN matches to S. bicolor gene 
models that the M. × giganteus contig collection could match with, yet would not match 
any of the found contigs of M. sacchariflorus ―Golf Course‖ or either M. sinensis variety 
studied here. Similarly, contigs of M. sacchariflorus ―Golf Course‖ matched 925 S. 
bicolor gene models which could not be matched by contigs belonging to the two studied 
S. sinensis varieties or the contigs of M. × giganteus, while, similarly, M. sinensis 
―Goliath‖ had 510 and M. sinensis ―White Kascade‖ had 571 S. bicolor gene models 
matching only to their respective contig assemblies and not those of the other three 
studied Miscanthus contig collections. Knowing this, it appears that a large degree of 
similarity is present between all four of these studied Miscanthus transcriptomes while 
still retaining some small, yet notable, presence of diversity amongst one another. 
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CHAPTER THREE 
PRELIMINARY EXPRESSION PROFILING OF THE M. × GIGANTEUS 
TRANSCRIPTOME 
 
3.1 Introduction 
 
 Factors such as global climate change and the Earth‘s finite supplies of fossil fuel 
have recently turned the world‘s attention to the pursuit of alternative fuel sources. One 
possible means of gaining an alternative fuel source rests with deriving fuel from 
biological material (biofuel). Many crops are currently under investigation for future use 
as biofuels. Of these crops, Miscanthus × giganteus, a sterile triploid hybrid plant that 
can produce large quantities of biomass in a growing season, has often been highly 
regarded as a potential crop for use as a biofuel (Heaton, Dohleman et al. 2008).  
 An analysis of the expressed genes of M. × giganteus‘ transcriptome provides a 
deeper understanding of the plant‘s characteristics. By accumulating information on 
gene expression patterns and habits, traits such as biomass accumulation, nutrient 
utilization, and tolerance/resistance to stress can be identified and documented at the 
molecular level.  Similar expression analysis studies have been performed on other non-
model plant organisms, such as tomato (Van der Hoeven, Ronning et al. 2002), soybean 
(Shoemaker, Keim et al. 2002), potato (Ronning, Stegalkina et al. 2003), sugarcane 
(Vettore, da Silva et al. 2003; Ma, Schulze et al. 2004), sorghum (Pratt, Liang et al. 
2005), apple (Newcomb, Crowhurst et al. 2006) and rice (Nobuta, Venu et al. 2007; 
Wang, Xie et al. 2010) within the past decade with the help of decreasing sequencing 
costs and advancing analysis technology.  
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 One method to accomplish this task is through the implementation of a 
methodology that utilizes read information gathered during the sequencing of the plant‘s 
RNA (RNA-Seq).  Modern high-throughput sequencing of cDNAs cloned from mRNA 
can be used to create an expression profile by measuring the quantity of reads that align 
to certain gene models, a task that can be achieved by a variety of modern RNA-Seq 
analysis programs and packages (Breitling, Armengaud et al. 2004; Mortazavi, Williams 
et al. 2008; Zerbino and Birney 2008; Robinson, McCarthy et al. 2010; Wang, Feng et al. 
2010). The expression profiles created through RNA-Seq are useful for a number of 
downstream studies, as the knowledge of where and under what conditions a gene is 
being up- or down-regulated can reveal more about the function and purpose of the gene 
in the studied organism (Bouchez and Hofte 1998). This type of method has proven to 
both highly accurate and highly sensitive in its quantification of gene expression levels 
(Wang, Gerstein et al. 2009).   
 In this study, eighty-three million paired-end reads from two separate paired-end 
runs containing ten dissimilar M. × giganteus tissues were analyzed in order to develop 
an expression profile of this potential bioenergy crop covering various developmental 
stages. Ultimately, from the data generated here, genes essential for M. × giganteus‘ 
growth and well-being, including those composing the plant‘s beneficial biomass 
qualities, can be identified and characterized. 
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3.2 Materials and Methods 
3.2.1 RNA-Seq  
  
 Fourteen read files corresponding to fourteen Miscanthus tissue samplings were 
generated through two separate runs of Illumina paired-end sequencing in the previous 
study (Table 3). A custom PERL script was used to remove any remnants of adapter 
sequence from the reads. In order to assess quality, reads were mapped to Sorghum 
bicolor gene models using CLC Genomics Workbench version 3.7 (CLC bio, Aarhus, 
Denmark), a robust bioinformatics software package (CLC bio 2010) which was 
proficiently capable of comparing our acquired Miscanthus reads with Sorghum bicolor 
gene models. The S. bicolor gene models (Paterson, Bowers et al. 2009) were obtained 
through JGI‘s (Joint Genome Institute) online database (available at http://genome.jgi-
psf.org/Sorbi1/Sorbi1.download.ftp.html). In past research, Sorghum bicolor has been 
shown to be an effective reference genome for M. × giganteus (Swaminathan, Alabady et 
al. 2010) and, being such, is well-suited for a study of this type.  
 Reads were imported into CLC Genomics Workbench version 3.7 (CLC bio, 
Aarhus, Denmark). The RNA-Seq package built into CLC Genomics Workbench was used 
to compare the reads with Sorghum bicolor gene models (Paterson, Bowers et al. 2009) 
acquired from the Joint Genome Institute‘s (JGI) online database (available at 
http://genome.jgi-psf.org/Sorbi1/Sorbi1.download.ftp.html). In the mapping process, 
any of the thirty-six base pair length reads from the first run of paired-end sequencing  
which were found to have more than two mismatches (approximately 94.4% similarity) 
to a S. bicolor gene model would not be matched to that particular S. bicolor gene model. 
Similarly, for tissue samples in the second paired-end run, which had reads with a length 
of seventy-six base pairs, any reads which did not have a minimum length fraction of 
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94.4% to a S. bicolor gene model would not be matched to that particular S. bicolor gene 
model. This division of read-match treatments between the tissue samples belonging to 
the first or second run of paired-end sequencing had to be performed due to a read 
handling restriction present in the CLC Genomics Workbench software.  
 The CLC RNA-Seq package was run with the following settings: extend annotated 
gene regions three-hundred flanking residues both upstream and downstream and only 
use reads with a maximum of five hits. Exon discovery was enabled with a required 
relative expression level of 0.2 with a minimum of ten reads of at least 50 residues in 
length. Recorded expression values were based on unique gene reads. A large, multi-
group expression analysis experiment containing each of the sequenced tissues was then 
performed using tools available in CLC Genomics Workbench. The experiment used all 
14 tissues each as its own treatment, and was run as an unpaired multi-group 
comparison. Existing expression values from the tissues were maintained throughout 
these steps.   
 
3.2.2 Hierarchal Tree Construction 
 
 Previous to examining the relatedness between samples, RNA-Seq data was 
normalized using CLC Genomics Workbench‘s internal normalization program. The data 
files were normalized by quantile on their original expression values, which normalizes 
each data set based on a common target distribution calculated from the empirical 
distributions of the expression values (CLC bio 2010).  
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 Following normalization, a hierarchical clustering of samples analysis was run 
within CLC Genomics Workbench in order to build a tree that would represent distance 
and similarity between each of the sequenced tissues. The structure of the tree is based 
on pairwise comparisons where each sample is made into a cluster and, after pairwise 
calculations are performed among each cluster pair, the two clusters with the shortest 
distance are joined together into one cluster. This process is repeated until only a single 
cluster, containing all samples, remains (CLC bio 2010). Distance was measured using 
Euclidean distance, while cluster linkage was determined through the use of complete 
linkage, wherein the distance measurement between two clusters is found via the two 
farthest elements of the two clusters (CLC bio 2010).  
 
3.2.3 Expression Analysis 
 
 Before normalization within CLC Genomics Workbench, RNA-Seq results were 
exported as text-files. A custom PERL script was used to change the ―unique gene reads‖ 
expression values into RPKM (Reads Per Kilobase of exon model per Million mapped 
reads). Through the use of several custom PERL scripts, fourteen individual files—one 
for each tissue sample—were created. Each file contained a series of pairwise 
comparisons of an individual tissue‘s expression values to those of every others tissue‘s 
expression values, one at a time, using the log2 difference between the expression values 
for each gene model among the tissue of that file and every other tissue sequenced.  
 An exception to this file creation strategy was used for the tissues of Miscanthus 
sinensis ―Pollen‖ and ―Emerging Shoot.‖ These two tissues both were the only tissues to 
have replications and, as such, did not contain values representing the comparison of the 
tissue‘s file to that of its replication. Expression analysis was performed via the rank 
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products (RP) methodology (Breitling, Armengaud et al. 2004). Another custom PERL 
script was used to change the formatting of the tissue comparison files to allow their 
successful input into the ranked products script. This RP script, used by the authors of 
the original ranked product paper, was then run on each unique tissue expression 
comparison file.  Outputs were analyzed manually with Custom PERL scripts and 
Microsoft Excel.  
 
3.3 Results 
 
 Eighty-three million paired-end reads from fourteen tissue samples were mapped 
to Sorghum bicolor gene models to generate RNA-Seq data (Table 3). Of the eighty-three 
million total reads generated by the two paired-end runs presented in this study, fifty-
nine million (~71%) mapped uniquely to Sorghum bicolor gene models.  
 A BLASTN search of acquired M. × giganteus expressed sequence tags (ESTs) to 
gene models of Sorghum bicolor, Oryza sativa (rice), Zea mays (maize), and 
Brachypodium distachyon, as well as ESTs from Saccharum officinarum (sugarcane), 
revealed the similarity present between M. × giganteus and these closely related grass-
species with well-documented genomic information (Figure 5). As a result, M. × 
giganteus appears to display the largest degree of similarity to Saccharum officinarum 
ESTs and Sorghum bicolor gene models, both of which have very similar relatedness 
profiles to M. × giganteus. Gene models of Zea mays displayed an intermediate amount 
of similarity to M. × giganteus ESTs, while the gene models from Oryza sativa and 
Brachypodium distachyon displayed a lower, yet still noticeable, degree of similarity to 
the M. × giganteus ESTs.   
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 Out of S. bicolor‘s approximately 36,000 gene models, around 28,900 gene 
models had at least one Miscanthus read (including reads gathered in this study from the 
three M. sinensis tissue samples: M. sinensis “Pollen 1,‖ M. sinensis ―Pollen 2,‖ and M. 
sinensis ―Stigma‖) that would map uniquely to it while over 25,000 S. bicolor gene 
models had more than ten uniquely-mapping Miscanthus reads (Figure 6). 
Approximately 48% of each tissue‘s individual reads map uniquely to S. bicolor gene 
models while approximately 12% of each tissue‘s individual reads map non-specifically 
(between two and five total mapping locations) to S. bicolor gene models.  
 The ―Internode below Apex‖ tissue sample contained the lowest amount of reads 
that would map uniquely to S. bicolor gene models at approximately 44% of its reads, 
while the ―Emerging Shoot 2‖ tissue sample contained the lowest percentage of 
combined uniquely mapped and non-specifically mapped reads that would match to S. 
bicolor gene models (approximately 58%).  The M. sinensis ―Pollen 2‖ sample had, by 
far, the largest quantity of reads that would map uniquely to S. bicolor gene models, as 
over 56% of its reads would map to only a single S. bicolor gene model. This is 
approximately 4% more than its closest competitor (its replicate from the first run of 
sequencing, M. sinensis ―Pollen 2‖) and approximately 8% more than the average of all 
tissues sequenced in this experiment.  
 Four tissues had approximately 61% of their reads map to S. bicolor gene models 
either uniquely or non-specifically–this was the highest percentage of combined 
uniquely and non-specifically mapping reads to be found within this data set. The tissues 
that had this value include ―Mature Leaf,‖ ―Emerging Shoot 1,‖ ―Midseason Apex,‖ and 
―Immature Inflorescence.‖  On average, approximately 60% of reads from each 
individual tissue sampling would map to S. bicolor gene models either uniquely or non-
specifically. 
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 A hierarchal tree based on similarity between each of the fourteen tissue samples 
was constructed on normalized RNA-Seq data (Figure 7). This tree displays relatedness 
in expression profiles by preferentially grouping samples with a shorter distance between 
one another together. As a result, the following pairs of tissues group very closely 
together: M. sinensis ―Pollen 1‖ with M. sinensis ―Pollen 2,‖ ―Emerging Shoot 1‖ with 
―Emerging Shoot 2,‖ ―Rhizome Lateral Buds‖ with ―Early Rhizome,‖ ―Midseason Apex‖ 
with ―Internode below Apex,‖ and M. sinensis ―Stigma‖ with ―Young Root.‖ The 
expression profiles of the M. sinensis pollen samples themselves displayed the furthest 
distance from those of the rest of the sequenced tissue samples.   
 Additionally, fourteen lists, one for each Miscanthus tissue sequenced within this 
study, of uniquely tissue-specific up- and down-regulated genes were generated using 
the rank products (RP) methodology.  Collected RNA-Seq data on reference Sorghum 
bicolor gene models was examined under the RP methodology, effectively creating 
individual compilations of active expression information within each Miscanthus tissue 
when compared to the rest of the Miscanthus tissues present in our sampling. Each of 
the files collected through this methodology more fully represent a readily recognizable 
expression profile for each sampled tissue. Within each list, biological relevant data can 
be found that paints a clear picture of each individual Miscanthus tissue‘s functional 
focus—for example, the ―Mature Leaf‖ tissue contains many up-ranked genes involved in 
photosynthesis while both of the M. sinensis ―Pollen” tissues contain up-ranked genes 
identified as being involved in sexual reproduction.    
 As the gene models of Sorghum bicolor have documented gene ontologies 
(available at http://genome.jgi-psf.org/Sorbi1/Sorbi1.download.ftp.html), so too can 
the expression profiles generated through the application of the RP methodology contain 
relevant gene ontology (GO) information. Gene ontology information is supremely useful 
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in interpreting the results of an experiment through the annotation of the overarching 
biological role in relevant gene products (Ashburner, Ball et al. 2000). As a result, by 
matching RP results to GO terms associated with corresponding S. bicolor gene models, 
we are able to compare and categorize expression information into functional gene 
ontology-based domains which help us better organize and understand our RP-derived 
tissue-specific expression profiles.  
 
3.4 Discussion 
 
 In this study, fourteen dissimilar Miscanthus tissues were sequenced over two 
separate paired-end Illumina runs (Table 3). Due to the rapid advancement of the 
Illumina sequencing technology (Mardis 2008) and our decision to have two separate 
sequencing runs spaced months apart, tissues sequenced in the second run of 
sequencing had longer reads (seventy-six base pairs in length, as opposed to the first 
run‘s read length of thirty-six base pairs). The mRNA sequenced in both runs one and 
two did not have any RNA normalization performed beforehand. By doing this, we 
ensured that our sequencing data would not only be useful in assembling the M. × 
giganteus transcriptome, but could also be used in a preliminary RNA-Seq expression 
analysis. Since highly-expressed genes in a tissue would logically have more transcribed 
mRNA present, it stands to reason that highly-expressed genes will have a higher 
percentage of sequenced reads due to the overall greater abundance of their mRNA at 
the time of sampling and subsequent sequencing. 
 As Miscanthus does not have a mapped genome, nor gene models of its own, an 
appropriate reference genome needed to be acquired in order to construct expression 
profiles of the sequenced tissues.  When our assembled M. × giganteus ESTs are 
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compared to the gene models of Sorghum, rice, maize, and Brachypodium, as well as 
sugarcane ESTs, it becomes apparent that M. × giganteus has the most similarity to both 
sugarcane ESTs and Sorghum gene models. Either of these two plants would make for an 
appropriate reference, as each possesses a wealth of preexisting genomic information 
with which to work. However, due to the complexity of sugarcane‘s octoploid genome 
and the unavailability of a full sugarcane genome, gene models from Sorghum bicolor 
were chosen as references for this study. Our faith in this choice was strengthened by the 
previous successful use of S. bicolor gene models as references for Miscanthus sequence 
data (Swaminathan, Alabady et al. 2010). With this decision made, we were now able to 
quantify the expression activity in each tissue by careful examination of the number of 
reads which correspond to Sorghum bicolor gene models.  
 A great deal of similarity can be found among the newly assembled Miscanthus × 
giganteus transcriptome and the Sorghum bicolor gene models, resulting in a noticeably 
high mapping-percentage of each tissue to the models (Table 3). When the numbers of 
both uniquely mapped reads and non-uniquely mapped reads are looked at more closely, 
a few patterns become readily noticeable. When normalized as a percent, it quickly 
becomes apparent that about sixty percent of the reads for each Miscanthus tissue will 
map to S. bicolor gene models (Figure 8). The consistency of this sixty percent across 
each tissue sample is notable when one considers the much greater number of reads 
gathered from the second run of paired-end sequencing when compared to those of the 
first (Figure 4). Even though the second run contains tissues with higher total read 
counts and longer reads than those of the first run, every tissue—no matter the run—
contains approximately the same percentage of reads mapping to S. bicolor gene models. 
This assuages the possibility of a ―quality gap‖ between samples in the first and second 
run, as the second run was accomplished using more advanced sequencing technology.  
Though tissues of the second run had longer reads, and a much higher total number of 
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reads collected, the consistency of the 60% mapping to S. bicolor gene models from 
every tissue shows that all of the sequenced tissues possess the same high overall quality 
despite the sequencing technology utilized. 
 Curiously, it was found that the tissue samples of ―M. sinensis Pollen 1‖ and ―M. 
sinensis Pollen 2‖ had a noticeably higher percentage of reads that would map uniquely 
to S. bicolor gene models. When the three M. sinensis tissue samples (―M. sinensis 
Pollen 1,‖ ―M. sinensis Pollen 2,‖ and ―M. sinensis Stigma‖) are removed from the data 
set, the average number of reads for M. × giganteus tissue samples that map uniquely to 
the S. bicolor gene models is valued at approximately 46.6% with a fairly small standard 
deviation of approximately 1.5%. The value of M. × giganteus tissue samples that map 
uniquely to S. bicolor gene models is noticeably smaller that the percentage of reads that 
map uniquely to S. bicolor gene models from ―M. sinensis Pollen 1‖ (51.2%) and ―M. 
sinensis Pollen 2‖ (55.8%). Though there is not enough replications nor detailed data 
present to say anything concrete at this point in time, this small amount of information 
seems to suggest that transcript expression within pollen of M. sinensis is somehow 
closer to S. bicolor gene models than that of the relationship between any of M. × 
giganteus‘ vegetative tissues‘ expression profiles and S. bicolor gene models.  Whether or 
not this difference is actually biologically significant is impossible to tell from our data 
alone. It is possible this difference bears some regard to the uniqueness of the pollen 
transcriptome itself, as has been seen in previous studies of pollen transcriptomes in 
other plant species (Borges, Gomes et al. 2008).  Additionally, as the ―M. sinensis 
Stigma‖ tissue sample showed close to the same unique read mapping percentage as the 
M. × giganteus vegetative tissues (47.4%), no justifiable conclusions can be drawn about 
M. sinensis as a whole from these figures by themselves. However, this occurrence 
appears interesting nonetheless and could warrant further investigation in the future.   
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 As an initial step in this study, the RNA-Seq data generated from our sequenced 
tissues was used to construct a hierarchal tree to identify similarity among each of the 
samples (Figure 7).  By looking at and comparing abundance of read hits to S. bicolor 
gene models among our different tissues, distance could be determined between the 
tissues based on the relative similarity of their sequenced expression profiles. The tree 
generated through this study reveals close groupings between ―M. sinensis Pollen 1‖ from 
the first run and ―M. sinensis Pollen 2‖ from the second run, as well as ―Emerging Shoot 
1‖ from the first run and ―Emerging Shoot 2‖ from the second run. The close grouping of 
these tissues is to be expected as they are essentially replicates of one another. Similarly, 
the tightly grouping of ―Midseason Apex‖ with ―Internode below Apex‖ are to be 
expected due to the close physical proximity of the two tissues as well as identical times 
of sampling, which also can be said for the tight grouping seen between ―Spring 
Rhizome‖ and ―Rhizome Lateral Bud.‖ Curiously, stigma from M. sinensis grouped very 
closely with M. × giganteus young root tissue. It is suspected that M. sinensis is one of 
the probable parents in the hybridization cross that produced M. × giganteus, which 
could account for some of the similarity seen. Additionally, the similar physical structure 
and purpose of these two tissues may play a role in their relatedness. Whatever the 
cause, the small amount of distance between the expression profiles of ―M. sinensis 
Stigma‖ and M. × giganteus ―Young Root‖ is notable and could warrant further 
investigation.  
 Any S. bicolor gene model that has high level of read match depth from each 
sequenced Miscanthus tissue presents the possible opportunity to obtain constitutive 
Miscanthus promoters. Even a cursory examination of the top S. bicolor gene model 
matches based on high RPKM from each individual sample reveals similarity in 
significantly expressed genes within our sequenced tissues (Table 4). Further analysis of 
these widely-represented gene models could also create opportunities to more deeply 
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examine relationships between different tissue types. For example, three S. bicolor gene 
models (Sb01g019850, Sb03g002340, and Sb01g037900) show up in the top ten RPKM 
hits for ―M. sinensis Pollen 1,‖ ―M. sinensis Pollen 2,‖ and the ―Mature Inflorescence‖ of 
M. × giganteus. Deeper investigation of these and other similarities could reveal more 
about the relationship between the active reproductive system of M. sinensis and the 
sterile reproductive system of M. × giganteus.  
 The most readily useful portion of this preliminary expression analysis resides 
with our application of the rank products (RP) methodology (Breitling, Armengaud et al. 
2004) on the Miscanthus RNA-Seq data. Substantial differences between total read 
number and read length between the first (thirty-six base pair length) run and the 
second (seventy-six base pair length) run initially made direct comparison of lanes 
across the two runs prohibitively difficult. The dissimilarities in both read length and 
total read number of samples seemed to necessitate the use of heavy data transformation 
and normalization if any direct comparison of samples across the two runs were to be 
made (Robinson and Oshlack 2010).  Unfortunately, due to the unmistakably large 
differences between samples in run one and samples in run two, great amounts of data 
would be lost in the process of transformation and normalization.  
 To minimize data loss while still maintaining the ability to make direct 
comparisons between samples of the two separate runs, the rank products methodology 
was utilized to examine our RNA-Seq data. The RP methodology is a useful tool for 
evaluating the significance of differentially regulated genes by means of their fold change 
(FC) (Breitling, Armengaud et al. 2004). The RP methodology was designed to rank each 
gene in a sample based on the gene‘s FC. This ranking is then repeated in the sample‘s 
replications, which results in multiple separate listings of ranked FC information for the 
sample. Inferences can then be made by identifying gene-rank consistencies among the 
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replications‘ listings—for example, a gene consistently showing up at the top of each 
replication‘s up-ranked list would, following logical reasoning, most likely be an up-
regulated gene in that sample. Adversely, if all genes in the sample were equally 
expressed, it would be unlikely to have any single gene being consistently high-ranked 
throughout all the sample‘s replications.  
Sample replications are a key component of the RP statistical technique. Greater 
numbers of replications increases the stability within the resulting rankings of the RP 
methodology, thereby instilling increasingly higher levels of confidence in the expression 
analysis.  As our tissue samples were largely unreplicated (with the exception of the 
―Emerging Shoot‖ and the ―M. sinensis Pollen‖ tissues, which were sequenced once in 
the first run and then again in the second run), the other sequenced tissues were used as 
stand-in replications. By doing this, the information obtained through our RP analysis 
created listings of highly up- and down-regulated genes unique to that particular tissue 
when compared to ―the rest of the plant‖ (i.e., the other tissues we sampled).  
The implementation of the RP methodology ensured the generation of data files 
containing gene expression information on a per-tissue basis. As a result, the lists of the 
most highly up-ranked genes within well-studied organs contain many biologically-
relevant genes specific to the sampled tissue. For example, it is no surprise that a 
photosynthetic gene like phosphoenolpyruvate carboxylase (a.k.a. PEP carboxylase), the 
initial decarboxylating enzyme of C4 photosynthesis, is so highly ranked within the RP 
list generated for the M. × giganteus ―Mature Leaf‖ sample, as M. × giganteus is a plant 
that utilizes the C4 photosynthetic pathway. The high rankings of genes that logically 
should be highly expressed in each particular tissue strengthened our confidence in this 
approach (Table 5). 
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 As these rank product output files contain over forty-thousand rows of 
information each, they are entirely too long to print within this document in their 
entirety. Included instead is a chart listing the top fifty up-regulated S. bicolor gene 
models in ―Spring Rhizome‖ as determined by the RP methodology (Table 6). 
Additionally,  charts identifying the occurrence of gene ontology (GO) terms of the top 
five-hundred up-regulated S. bicolor gene models in ―Spring Rhizome‖ as determined by 
the RP methodology for the GO categories of ‗biological process‘ (Figure 9), ‗cellular 
component‘ (Figure 10) and ‗molecular activity‘ (Figure 11) have been included.  Gene 
ontology database descriptors are helpful in coordinating gathered gene expression 
information with corresponding pre-existing biological knowledge (Blake and Harris 
2008). Through the application of GO information, the functional role of transcriptomic 
data such as ours can be better queried, visualized, and understood. Past studies have 
displayed the usefulness of examining GO representation within transcriptomic data to 
better illustrate any potential skewing of functional focus that might occur within an 
expression profile (Pina, Pinto et al. 2005)—with time and effort, the same could be 
accomplished here.  
Although a great deal of interesting and biologically-relevant information can be 
garnered from the data gathered by the use of the RP methodology, the primary function 
of this data lies within the aid it can provide to future M. × giganteus studies. These RP 
lists have the capability to provide direction for researchers looking for a starting point in 
their investigations of the physiological, molecular, and/or chemical machinations of this 
non-model organism.
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TABLES AND FIGURES 
 
4.1 Tables 
 
Table 1. Read count per library mapping to assembled M. × giganteus ESTs. 
 
  Run # Lane # Sample Name Total Reads Unmapped Reads Mapped Reads Unique Mapped Non-specific Mapped
1 1 Mature Leaf 7,498,344 1,878,651 5,619,693 4,345,671 1,274,022
1 2 Emerging Shoot 1 8,683,357 2,420,739 6,262,618 4,865,203 1,397,415
1 3 Midseason Apex 8,062,179 2,154,894 5,907,285 4,560,160 1,347,125
1 4 Internode below Apex 8,350,477 2,308,164 6,042,313 4,669,818 1,372,495
1 5 Spring Rhizome 7,736,703 2,161,833 5,574,870 4,252,811 1,322,059
1 6 M. sinensis  Pollen 1 6,509,957 2,171,809 4,338,148 3,453,335 884,813
1 7 Immature Inflorescence 5,679,747 1,426,253 4,253,494 3,283,789 969,705
2 1 Pre-flowering Apex 12,238,323 3,640,798 8,597,525 7,139,106 1,458,419
2 2 Rhizome Lateral Bud 12,568,236 3,831,622 8,736,614 7,261,392 1,475,222
2 3 Young Root 13,681,100 4,496,049 9,185,051 7,701,361 1,483,690
2 4 M. sinensis  Stigma 13,555,168 4,487,725 9,067,443 7,533,908 1,533,535
2 5 Mature Inflorescence 13,676,869 4,029,006 9,647,863 7,965,423 1,682,440
2 6 M. sinensis  Pollen 2 11,888,974 4,517,470 7,371,504 6,309,019 1,067,485
2 7 Emerging Shoot 2 12,386,166 4,039,606 8,346,560 7,027,472 1,319,088
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Table 2. Assembly results of a parallel study on tissue taken from Miscanthus sacchariflorus and Miscanthus sinensis varieties. 
 
 
 
 
 
 
 
 
 
 
  
Sample
Total Bases Sequenced 
(Billion bp)
Tissue
Total Number of 
Reads
Number of 
Contigs 
>100 bp
Number of 
Contigs 
>= N50
Median 
Contig 
Length 
(bp)
Mean 
Contig 
Length 
(bp)
N50 (bp)
Maximum 
Contig 
Length 
(bp)
Total 
Bases in 
Assembly 
(Mb)
Miscanthus sacchariflorus "Golf Course" 6.5393706 Mixed Tissue 46709790 48035 10035 594 840 1293 11915 40.36
Miscanthus sinensis "Goliath" 4.56675968 Mixed Tissue 32619712 44607 9260 574 826 1247 11520 36.87
Miscanthus sinensis "White Kascade" 4.32169962 Mixed Tissue 30869283 36018 7252 439 653 1004 6203 23.52
Miscanthus sinensis  "Gross Fontaine" 11.18022096 Leaf 69876381 26798 5526 427 628 919 6597 16.85
Miscanthus sinensis  "Zibrinus" 3.9438288 Leaf 24648930 18056 4034 461 657 883 7733 11.87
Miscanthus sinensis  "SilberSpinner" 10.2708976 Leaf 73716300 17669 3815 441 644 889 6463 11.38
Miscanthus sinensis  "Amur Silvergrass" 3.82652192 Leaf 23915762 17292 3778 469 688 942 7425 11.90
Miscanthus sinensis  "Silbertum" 2.19807936 Leaf 13737996 7914 2036 391 520 588 4658 4.12
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Table 3. Read count per library mapping to Sorghum bicolor gene models. 
  
Run # Lane # Sample Name Total Reads Unmapped Reads Mapped Reads Unique Mapped Non-specific Mapped
1 1 Mature Leaf 7,498,344 2,899,378 4,598,966 3,322,193 1,276,773
1 2 Emerging Shoot 1 8,683,357 3,377,971 5,305,386 4,000,763 1,304,623
1 3 Midseason Apex 8,062,179 3,122,026 4,940,153 3,724,009 1,216,144
1 4 Internode below Apex 8,350,477 3,353,061 4,997,416 3,686,369 1,311,047
1 5 Spring Rhizome 7,736,703 3,050,276 4,686,427 3,572,463 1,113,964
1 6 M. sinensis  Pollen 1 6,509,957 2,658,474 3,851,483 3,354,508 496,975
1 7 Immature Inflorescence 5,679,747 2,177,107 3,502,640 2,695,980 806,660
2 1 Pre-flowering Apex 12,238,323 4,915,731 7,322,592 5,902,563 1,420,029
2 2 Rhizome Lateral Bud 12,568,236 5,198,729 7,369,507 5,888,842 1,480,665
2 3 Young Root 13,681,100 5,587,648 8,093,452 6,488,993 1,604,459
2 4 M. sinensis  Stigma 13,555,168 5,637,046 7,918,122 6,425,218 1,492,904
2 5 Mature Inflorescence 13,676,869 5,550,430 8,126,439 6,708,022 1,418,417
2 6 M. sinensis  Pollen 2 11,888,974 4,783,671 7,105,303 6,629,259 476,044
2 7 Emerging Shoot 2 12,386,166 5,191,510 7,194,656 5,794,458 1,400,198
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Table 4. Top ten RPKM hits for each tissue (gene models present in more than one 
tissue‘s list are highlighted).  
 
 
 
  
Mature Leaf
RANK GENE MODEL ANNOTATION RPKM
1 Sb02g032040 LHB1B2; chlorophyll binding 18,882.74
2 Sb01g015400 LHCB2.3; chlorophyll binding 7,097.13
3 Sb09g028720 LHB1B2; chlorophyll binding 6,208.88
4 Sb10g021330 ATPPC2 (PHOSPHOENOLPYRUVATE CARBOXYLASE 2); catalytic/ phosphoenolpyruvate carboxylase 5,227.48
5 Sb02g036260 chlorophyll A-B binding protein CP29 (LHCB4) 4,688.87
6 Sb10g028120 PSBO2 (PHOTOSYSTEM II SUBUNIT O-2); oxygen evolving/ poly(U) binding 4,224.02
7 Sb02g032090 CAB1 (CHLOROPHYLL A/B BINDING PROTEIN 1); chlorophyll binding 4,053.66
8 Sb10g000230 PETE1 (PLASTOCYANIN 1); copper ion binding / electron carrier 3,413.96
9 Sb07g021260 LHCA4 (LIGHT-HARVESTING CHLOROPHYLL-PROTEIN COMPLEX I SUBUNIT A4); chlorophyll binding 3,383.30
10 Sb03g027040 LHB1B2; chlorophyll binding 3,360.87
Emerging Shoot 1
1 Sb09g001010 protease inhibitor, putative 3,056.47
2 Sb06g021540 adenosylmethionine decarboxylase family protein 2,618.80
3 Sb09g001020 protease inhibitor, putative 2,331.72
4 Sb05g016440 Unknown protein 2,053.37
5 Sb01g049250 histone H4 1,932.52
6 Sb03g005550 histone H3 1,847.27
7 Sb03g039310 HTB4; DNA binding 1,584.00
8 Sb08g022740 CCR2 (COLD, CIRCADIAN RHYTHM, AND RNA BINDING 2); RNA binding / double-stranded DNA binding / single-stranded DNA binding 1,448.96
9 Sb06g021530 CPuORF11 (Conserved peptide upstream open reading frame 11) 1,448.08
10 Sb01g009560 TUA2; structural constituent of cytoskeleton 1,447.73
Midseason Apex
1 Sb01g049250 histone H4 3,522.25
2 Sb08g018750 HSP70 (heat shock protein 70); ATP binding 2,594.60
3 Sb07g028760 HTB4; DNA binding 2,594.57
4 Sb03g005550 histone H3 2,424.91
5 Sb05g016440 Unknown protein 2,341.24
6 Sb04g030340 HTB9; DNA binding 2,247.73
7 Sb03g039310 HTB4; DNA binding 2,222.10
8 Sb03g043140 fructose-bisphosphate aldolase, putative 2,199.51
9 Sb06g016850 histone H3 1,898.19
10 Sb01g039250 HTA12; DNA binding 1,823.66
Internode below Apex
1 Sb05g016440 Unknown protein 4,634.62
2 Sb03g043140 fructose-bisphosphate aldolase, putative 3,144.91
3 Sb08g018750 HSP70 (heat shock protein 70); ATP binding 2,612.91
4 Sb09g001010 protease inhibitor, putative 2,175.11
5 Sb01g009560 TUA2; structural constituent of cytoskeleton 1,852.17
6 Sb06g024800 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein 1,831.66
7 Sb01g049250 histone H4 1,806.41
8 Sb01g009570 TUA2; structural constituent of cytoskeleton 1,776.54
9 Sb09g001020 protease inhibitor, putative 1,583.59
10 Sb03g005550 histone H3 1,554.55
Spring Rhizome
1 Sb09g001320 Unknown Protein 3,161.74
2 Sb09g001010 protease inhibitor, putative 2,348.93
3 Sb05g016440 Unknown protein 2,151.28
4 Sb08g018750 HSP70 (heat shock protein 70); ATP binding 1,866.22
5 Sb09g002840 SAM1 (S-ADENOSYLMETHIONINE SYNTHETASE 1); methionine adenosyltransferase 1,816.62
6 Sb06g021540 adenosylmethionine decarboxylase family protein 1,816.06
7 Sb04g026510 PAL2; phenylalanine ammonia-lyase 1,757.94
8 Sb08g022740 CCR2 (COLD, CIRCADIAN RHYTHM, AND RNA BINDING 2); RNA binding / double-stranded DNA binding / single-stranded DNA binding 1,705.57
9 Sb09g001020 protease inhibitor, putative 1,655.44
10 Sb01g042270 AOS (ALLENE OXIDE SYNTHASE); allene oxide synthase/ hydro-lyase/ oxygen binding 1,394.60
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Table 4 (cont.) 
 
  
M. sinensis Pollen 1
RANK GENE MODEL ANNOTATION RPKM
1 Sb10g001500 Unknown Protein 25,685.90
2 Sb01g019850 BAM1 (BETA-AMYLASE 1); beta-amylase 14,983.77
3 Sb01g037900 pectinesterase family protein 13,975.01
4 Sb03g002340 CIPK20 (CBL-INTERACTING PROTEIN KINASE 20); kinase/ protein serine/threonine kinase 12,514.17
5 Sb09g027170 invertase/pectin methylesterase inhibitor family protein 11,970.77
6 Sb03g026030 kinase 9,470.63
7 Sb10g003090 pectate lyase family protein 9,164.67
8 Sb02g000790 C2 domain-containing protein 8,723.98
9 Sb09g023770 sks11 (SKU5 Similar 11); copper ion binding / oxidoreductase 7,216.13
10 Sb10g010490 Unknown Protein 6,780.89
Immature Inflorescence
1 Sb06g032960 Unknown Protein 4,304.70
2 Sb03g031720 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein 4,091.25
3 Sb02g028700 dihydroflavonol 4-reductase family / dihydrokaempferol 4-reductase family 3,571.75
4 Sb02g041426 Unknown Protein 3,077.26
5 Sb01g045960 electron carrier/ heme binding / iron ion binding / monooxygenase/ oxygen binding 2,766.91
6 Sb10g021170 LTP6; lipid binding 2,296.52
7 Sb06g019320 MLP423 (MLP-LIKE PROTEIN 423) 2,174.84
8 Sb03g000610 ACOS5 (ACYL-COA SYNTHETASE 5); 4-coumarate-CoA ligase/ long-chain-fatty-acid-CoA ligase/ medium-chain-fatty-acid-CoA ligase 1,736.38
9 Sb03g044760 Unknown Protein 1,709.32
10 Sb01g018950 chalcone and stilbene synthase family protein 1,666.72
Pre-flowering Apex
1 Sb08g022740 CCR2 (COLD, CIRCADIAN RHYTHM, AND RNA BINDING 2); RNA binding / double-stranded DNA binding / single-stranded DNA binding 2,156.22
2 Sb08g018750 HSP70 (heat shock protein 70); ATP binding 2,039.63
3 Sb03g043140 fructose-bisphosphate aldolase, putative 1,898.75
4 Sb09g001010 protease inhibitor, putative 1,777.08
5 Sb01g009560 TUA2; structural constituent of cytoskeleton 1,680.36
6 Sb04g026510 PAL2; phenylalanine ammonia-lyase 1,660.79
7 Sb06g021540 adenosylmethionine decarboxylase family protein 1,563.95
8 Sb09g001020 protease inhibitor, putative 1,479.99
9 Sb09g002840 SAM1 (S-ADENOSYLMETHIONINE SYNTHETASE 1); methionine adenosyltransferase 1,430.69
10 Sb01g009570 TUA2; structural constituent of cytoskeleton 1,366.23
Rhizome Lateral Bud
1 Sb04g026510 PAL2; phenylalanine ammonia-lyase 5,202.98
2 Sb08g018750 HSP70 (heat shock protein 70); ATP binding 4,208.22
3 Sb10g028580 XTR3 (XYLOGLUCAN ENDOTRANSGLYCOSYLASE 3); hydrolase, acting on glycosyl bonds / xyloglucan:xyloglucosyl transferase 3,174.51
4 Sb09g002840 SAM1 (S-ADENOSYLMETHIONINE SYNTHETASE 1); methionine adenosyltransferase 3,087.96
5 Sb08g022740 CCR2 (COLD, CIRCADIAN RHYTHM, AND RNA BINDING 2); RNA binding / double-stranded DNA binding / single-stranded DNA binding 2,650.23
6 Sb01g046550 ECT2; protein binding 2,368.75
7 Sb06g021540 adenosylmethionine decarboxylase family protein 1,989.49
8 Sb10g024060 zinc finger (AN1-like) family protein 1,959.37
9 Sb03g037490 TUB6 (BETA-6 TUBULIN); structural constituent of cytoskeleton 1,630.10
10 Sb09g001020 protease inhibitor, putative 1,490.99
Young Root
1 Sb09g002840 SAM1 (S-ADENOSYLMETHIONINE SYNTHETASE 1); methionine adenosyltransferase 5,241.60
2 Sb04g026510 PAL2; phenylalanine ammonia-lyase 4,018.79
3 Sb05g003860 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein 3,556.34
4 Sb06g021540 adenosylmethionine decarboxylase family protein 3,340.13
5 Sb03g011590 GLP5 (GERMIN-LIKE PROTEIN 5); manganese ion binding / nutrient reservoir 2,985.17
6 Sb06g024770 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein 2,643.87
7 Sb08g018750 HSP70 (heat shock protein 70); ATP binding 2,596.41
8 Sb08g022740 CCR2 (COLD, CIRCADIAN RHYTHM, AND RNA BINDING 2); RNA binding / double-stranded DNA binding / single-stranded DNA binding 2,520.83
9 Sb03g043140 fructose-bisphosphate aldolase, putative 2,331.52
10 Sb01g009560 TUA2; structural constituent of cytoskeleton 1,825.63
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Table 4 (cont.) 
 
 
 
 
  
M. sinensis Stigma
RANK GENE MODEL ANNOTATION RPKM
1 Sb08g022740 CCR2 (COLD, CIRCADIAN RHYTHM, AND RNA BINDING 2); RNA binding / double-stranded DNA binding / single-stranded DNA binding 5,392.12
2 Sb09g002840 SAM1 (S-ADENOSYLMETHIONINE SYNTHETASE 1); methionine adenosyltransferase 3,862.01
3 Sb06g021540 adenosylmethionine decarboxylase family protein 3,053.46
4 Sb01g012710 ATOSM34 (osmotin 34) 2,843.19
5 Sb05g027670 MT2B (METALLOTHIONEIN 2B); copper ion binding 2,743.24
6 Sb04g026510 PAL2; phenylalanine ammonia-lyase 2,673.66
7 Sb08g022450 ATOSM34 (osmotin 34) 2,476.39
8 Sb08g018750 HSP70 (heat shock protein 70); ATP binding 2,213.24
9 Sb04g001740 peptidyl-prolyl cis-trans isomerase / cyclophilin (CYP2) / rotamase 1,968.42
10 Sb01g012300 CCR2 (COLD, CIRCADIAN RHYTHM, AND RNA BINDING 2); RNA binding / double-stranded DNA binding / single-stranded DNA binding 1,886.65
Mature Inflorescence
1 Sb06g021540 adenosylmethionine decarboxylase family protein 2,314.29
2 Sb01g019850 BAM1 (BETA-AMYLASE 1); beta-amylase 2,096.13
3 Sb08g022740 CCR2 (COLD, CIRCADIAN RHYTHM, AND RNA BINDING 2); RNA binding / double-stranded DNA binding / single-stranded DNA binding 1,948.54
4 Sb02g036750 PGIP2 (POLYGALACTURONASE INHIBITING PROTEIN 2); protein binding 1,910.71
5 Sb04g000260 LDOX (LEUCOANTHOCYANIDIN DIOXYGENASE); leucocyanidin oxygenase 1,871.62
6 Sb10g024010 polygalacturonase, putative / pectinase, putative 1,848.40
7 Sb05g027670 MT2B (METALLOTHIONEIN 2B); copper ion binding 1,558.99
8 Sb01g037900 pectinesterase family protein 1,553.78
9 Sb03g002340 CIPK20 (CBL-INTERACTING PROTEIN KINASE 20); kinase/ protein serine/threonine kinase 1,364.12
10 Sb01g032090 SAG12 (SENESCENCE-ASSOCIATED GENE 12); cysteine-type peptidase 1,185.33
M. sinensis Pollen 2
1 Sb10g001500 Unknown Protein 26,658.56
2 Sb01g037900 pectinesterase family protein 20,454.64
3 Sb01g019850 BAM1 (BETA-AMYLASE 1); beta-amylase 18,527.13
4 Sb06g014740 SAH7 16,564.93
5 Sb09g027170 invertase/pectin methylesterase inhibitor family protein 14,965.16
6 Sb10g003090 pectate lyase family protein 12,818.27
7 Sb03g026030 kinase 11,109.17
8 Sb03g002340 CIPK20 (CBL-INTERACTING PROTEIN KINASE 20); kinase/ protein serine/threonine kinase 10,512.46
9 Sb04g001170 YSL7 (YELLOW STRIPE LIKE 7); oligopeptide transporter 9,987.45
10 Sb02g019560 Unknown Protein 9,316.05
Emerging Shoot 2
1 Sb09g001010 protease inhibitor, putative 4,404.80
2 Sb06g021540 adenosylmethionine decarboxylase family protein 3,471.88
3 Sb09g001020 protease inhibitor, putative 2,938.71
4 Sb08g022740 CCR2 (COLD, CIRCADIAN RHYTHM, AND RNA BINDING 2); RNA binding / double-stranded DNA binding / single-stranded DNA binding 2,191.51
5 Sb01g049250 histone H4 2,068.55
6 Sb08g002680 LP1; calmodulin binding 1,977.22
7 Sb01g009560 TUA2; structural constituent of cytoskeleton 1,866.11
8 Sb01g030460 histone H4 1,702.97
9 Sb02g039090 structural constituent of ribosome 1,691.28
10 Sb03g039310 HTB4; DNA binding 1,655.23
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Table 5. Examples of Sorghum bicolor gene models found within the top 25 up-ranked RP results for each tissue sample. 
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Table 6. Top fifty up-regulated rank products for ―Spring Rhizome." 
 
Protein Id GO ID GO Term GO Term Type Sorghum ID Avg. FC RP Value
5060797 2128 serine-type endopeptidase inhibitor activity molecular_function Sb09g025530 6.29 6.05E-32
5060797 4820 methyltransferase activity molecular_function Sb09g025530 6.29 6.05E-32
5060797 4823 O-methyltransferase activity molecular_function Sb09g025530 6.29 6.05E-32
5038541 3218 electron transport biological_process Sb04g024300 4.23 1.97E-30
5038541 8235 oxidoreductase activity molecular_function Sb04g024300 4.23 1.97E-30
5047953 2069 triose-phosphate isomerase activity molecular_function Sb01g005150 2.52 2.11E-30
5047953 2096 tryptophan synthase activity molecular_function Sb01g005150 2.52 2.11E-30
5047953 3647 tryptophan metabolism biological_process Sb01g005150 2.52 2.11E-30
5047953 4804 metabolism biological_process Sb01g005150 2.52 2.11E-30
5038646 1056 DNA binding molecular_function Sb04g026210 4.36 3.19E-29
5038646 2757 nucleus cellular_component Sb04g026210 4.36 3.19E-29
5060476 2653 ATP binding molecular_function Sb09g019930 5.71 9.49E-29
5060476 8089 kinase activity molecular_function Sb09g019930 5.71 9.49E-29
5060476 8097 phosphorylation biological_process Sb09g019930 5.71 9.49E-29
5060476 8501 transferase activity, transferring phosphorus-containing groups molecular_function Sb09g019930 5.71 9.49E-29
5043386 1783 monooxygenase activity molecular_function Sb07g008870 2.13 7.42E-28
5043386 3218 electron transport biological_process Sb07g008870 2.13 7.42E-28
5047069 1056 DNA binding molecular_function Sb09g029575 1.77 9.30E-28
5047069 2757 nucleus cellular_component Sb09g029575 1.77 9.30E-28
5055414 1842 chitinase activity molecular_function Sb04g025430 5.79 4.07E-27
5055414 3134 chitin catabolism biological_process Sb04g025430 5.79 4.07E-27
5055414 4720 chitin binding molecular_function Sb04g025430 5.79 4.07E-27
5055414 6198 response to pest, pathogen or parasite biological_process Sb04g025430 5.79 4.07E-27
5055414 8708 cell wall catabolism biological_process Sb04g025430 5.79 4.07E-27
5043133 4804 metabolism biological_process Sb07g004470 4.79 1.86E-26
5043133 8556 lyase activity molecular_function Sb07g004470 4.79 1.86E-26
5038762 7856 carbohydrate biosynthesis biological_process Sb04g028010 5.27 2.08E-25
5038762 8488 transferase activity, transferring hexosyl groups molecular_function Sb04g028010 5.27 2.08E-25
5046640 1056 DNA binding molecular_function Sb09g021770 4.86 3.59E-25
5046640 2757 nucleus cellular_component Sb09g021770 4.86 3.59E-25
5058608 1783 monooxygenase activity molecular_function Sb07g008860 1.50 6.96E-25
5058608 3218 electron transport biological_process Sb07g008860 1.50 6.96E-25
5058485 3449 regulation of transcription, DNA-dependent biological_process Sb07g005240 4.78 1.10E-24
5058485 14745 nutrient reservoir activity molecular_function Sb07g005240 4.78 1.10E-24
5036173 2494 amino acid-polyamine transporter activity molecular_function Sb03g026915 4.67 1.26E-24
5036173 3929 amino acid transport biological_process Sb03g026915 4.67 1.26E-24
5036173 7826 membrane cellular_component Sb03g026915 4.67 1.26E-24
5043081 1939 protein kinase activity molecular_function Sb07g003780 3.00 1.60E-24
5043081 1941 protein serine/threonine kinase activity molecular_function Sb07g003780 3.00 1.60E-24
5043081 1979 protein-tyrosine kinase activity molecular_function Sb07g003780 3.00 1.60E-24
5043081 2653 ATP binding molecular_function Sb07g003780 3.00 1.60E-24
5043081 2657 sugar binding molecular_function Sb07g003780 3.00 1.60E-24
5043081 3551 protein amino acid phosphorylation biological_process Sb07g003780 3.00 1.60E-24
5056263 1939 protein kinase activity molecular_function Sb05g001050 4.97 2.88E-24
5056263 1941 protein serine/threonine kinase activity molecular_function Sb05g001050 4.97 2.88E-24
5056263 1979 protein-tyrosine kinase activity molecular_function Sb05g001050 4.97 2.88E-24
5056263 2653 ATP binding molecular_function Sb05g001050 4.97 2.88E-24
5056263 3551 protein amino acid phosphorylation biological_process Sb05g001050 4.97 2.88E-24
5056263 4211 signal transduction biological_process Sb05g001050 4.97 2.88E-24
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4.2 Figures 
 
Figure 1.Catagorization of known repetitive sequences within M. × giganteus as determined by BLASTN matches to the Plant Repeat 
Database.  
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Figure 2. Percentages of reads mapping to assembled M. × giganteus ESTs for each tissue sample. 
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Figure 3. Comparison of M. × giganteus assembly statistics to those of a parallel Miscanthus assembly collection. 
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Figure 4. Total read count per tissue sample. 
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Figure 5. Similarity between M. × giganteus ESTs and gene models/ESTs of other related grass species. 
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Figure 6. Sorghum bicolor gene models with at least one hit per tissue sample.  
 
  
 57 
 
Figure 7. Tree displaying hierarchical clustering of samples based on distance between 
expression profiles. 
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Figure 8. Percentages of reads mapping to Sorghum bicolor gene models for each tissue sample. 
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Figure 9. Biological process GO term occurrence for top 500 up-regulated RP results in ―Spring Rhizome.‖ 
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Figure 10. Cellular component GO term occurrence for top 500 up-regulated RP results in ―Spring Rhizome.‖ 
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Figure 11. Molecular activity GO term occurrence for top 500 up-regulated RP results in ―Spring Rhizome.‖ 
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